A computer-based method is developed to measure the out-of-plane motion of a surface which might arise, for example, from the deflection of a structural component or as a result of contouring a 3-D surface with respect to a reference plane. Artificial speckles are projected onto the test surface using an ordinary 35-mm projector equipped with a clear glass slide sprayed with black paint. Speckle patterns are digitally recorded as the surface changes its shape, and the apparent in-plane movements of the projected speckle are computed over the full field by numerically correlating small subsets extracted from each pattern. These shifts are related to the deflection of the surface with respect to its initial location.
Introduction

A. General
Prior research in speckle metrology has demonstrated that artificial speckles (generated by spraying white paint on a dark surface or dark paint on a white surface) can be recorded in discrete form by sampling the light intensity of the image as one of many grey levels (usually from 0 to 255). These subjective speckles (as opposed to objective laser speckles cast into 3-D space) are localized on the surface and move along with it when the surface is deformed. Small subsets taken from the speckle field can be compared before and after deformation to establish surface displacement. For example, Gilbert et al. 1 and Dudderar and Gilbert 2 have used ordinary correlations of systematic pairings of intensity samples from correlatable digitized speckle patterns to make remote measurements (through fiber-optic systems as opposed to direct recording using a vidicon camera system) of simple motions to within pixel accuracy. More recent applications to hybrid analysis by Matthys et al. 3 incorporate Lagrangian weight functions for interpolating between pixels. Peters and Ranson 4 and Chu et al. 5 have also developed numerical correlation routines for speckle metrology. They have evaluated complex deformation fields for directly recorded and digitized subjec-tive speckle data using a surface fit and bilinear interpolation techniques. Subsequent improvements were made with the help of Wolters and McNeil. 6 Prior investigations involving photoelectronic-numerical data processing of artificial speckles dealt with subjective speckles either painted on the surface or generated by natural surface texture. Speckle movements were directly related to the in-plane displacement of the test surface. In the present study, however, speckles are projected onto the surface using an ordinary 35-mm projector equipped with a clear glass slide spray painted with black paint. The dark spots (or shadows) cast on the surface create a speckle pattern which shifts as the surface moves away from its reference position, and these shifts are related to the deflection.
In an earlier paper one of the authors noted that each area of an artificial speckle pattern is equivalent to a collection of linear gratings of random orientation whose spacings depend on speckle density. A similar analogy can be drawn between shadow speckle and shadow moire.
The shadow moire method 7 8 is one of the simplest optical techniques to measure out-of-plane displacement. In general, a reference grating, illuminated at oblique incidence, is positioned in front of an object. The shadow cast on the specimen produces a second grating which deforms as the elevation of the surface changes with respect to the reference plane. A moir6 pattern (representing the topology of the surface) is created when the two gratings are observed by eye and/or recorded with a camera.
Shadow moire has been used to evaluate the flexure of thin plates for contouring and to solve torsion problems using membrane analogies. The method can be applied (using point illumination and point receiving)
to an area of a structure as large as a grating can be manufactured. This makes the method useful, for example, in studying buckling phenomenon of large panels. Sensitivity, however, is somewhat limited once a grating pitch has been established. A composite grating (consisting of two parallel superimposed gratings with two discretely different pitches) has been used to circumvent this dilemma 9 , but the approach requires a customized grating, and sensitivity is still limited. In addition, it is a rather challenging task to arrive at the proper orders in the moire fringe pattern. For example, a centrally loaded plate clamped around its boundary would display the same moire pattern for deflection toward and away from the observer. In simple cases, boundary conditions are usually sufficient to render proper ordering of the fringes. In others, they are often inadequate, and linear and/or rotational mismatches must be introduced. 1 0 In many cases, optical filtering is required to enhance fringe contrast.
All these disadvantages (fixed sensitivity, customized gratings, sign ambiguities, and the need for optical filtering) are circumvented in shadow speckle metrolo- a,a',3,/3' sensitivity angles.
II. Analysis
The standard analysis used for shadow moire 10 can be applied to the present work as follows. Figure 1 shows a light source and camera located at equal distances from a structure. A speckle pattern is projected from point S onto an initial surface (AB) using a 35-mm projector equipped with a clear glass slide sprayed with black paint. Without loss of generality, we can assume that point a remains stationary when the surface deforms or changes its location (to A'B'). In this case, the projected speckle remains in the same location when viewed from point 0. Points between a and f, however, experience an out-of-plane movement dz (measured parallel to the z axis shown in Fig. 1 ). The projected speckle pattern appears to shift along the x axis as it falls on the displaced surface. The lateral shift dx can be determined by digitally correlating the speckles contained in region ad of the initial pattern with those in region ab, as projected onto af. That is, a speckle originally located at point b moves through an apparent in-plane displacement dx to point d. IZ dx = dz(tana' + tang3').
The quantities dx and dz can be related to the scalar components of displacement u and w (measured along the positive x and z directions) as follows:
where D is the distance separating the light source and camera, and L is the distance from the initial position of the surface. Equation (4) can be simplified to 
1, Eq. (5) can be
Although both a and 3 vary form point to point, the sum of their tangents is constant [see Eq. (7)], and w is linearly proportional to u over the full field.
The perspective effect of the coordinates can be corrected for a large structure by noting that moire pattern for rotation around the vertical center line. 
where x' and x are the apparent and real coordinates, respectively. Similarly,
Ill. Experimental
The flat surface of a 9.05-cm diam circular disk was illuminated at 26.50 (a) with respect to its normal using a 35-mm projector and two slides, one having a linear grating with a pitch p equal to 0.085 mm, the other sprayed with different size black spots. Figures  2(a) and 3(a) show the initial grating and speckle pattern, respectively, as observed normal to the surface at = 0. The disk was rotated 140 around its vertical center line (parallel to the y axis of the system shown in where angles a and a are defined in Fig. 1 (a = 26 .50, f3 = 0 in this investigation), p is the pitch of the reference grating as projected onto the surface (0.86 mm), and n is the fringe-order number. Since both the direction of rotation and location of the rotation axis were known, absolute fringe orders were determined. Figure 3(b) , on the other hand, shows the superposition of the initial and deformed speckle patterns. This specklegram could be analyzed by passing a thin ray of coherent light through selected points. The speckle in the illuminated area of the specklegram causes light to be diffracted into a halo about the primary ray, and provided that movement is greater than one speckle diameter and that the speckles remain correlated with one another, interference effects between the first and second exposures create parallel equispaced fringes in the halo. The diffraction pat- tern is the product of the diffraction halo due to a single speckle pattern and the intensity distribution generated by two point sources spread at the same distance as the image shift." Fringes are oriented perpendicular to the direction of motion of the image and have a spacing inversely proportional to the magnitude of the displacement. The authors plan to apply this pointwise analysis to shadow specklegrams using digitization methods developed in Ref. 12 . It should be stressed, however, that movement between exposures must be greater than one speckle diameter to obtain fringes in the diffraction halo. This restriction imposes a limitation on the sensitivity of the method.
However, it has been demonstrated that a photoelectronic-numerical system can be used to measure surface displacements of less than one speckle diameter'
if the intensity distributions of the initial and deformed speckle patterns are individually recorded using a system similar to that shown in Fig. 4 . This approach has been applied in the present study.
Each image was stored in an LSI 11/23 computer as a digital array of 256 X 256 pixels, each of which was assigned a grey level ranging from 0 to 255. Ordinary correlation techniques (with Lagrangian weighting for interpixel interpolation) were applied to subsets of the pattern to measure the apparent in-plane displacement u parallel to the x direction in terms of column shift. The latter was converted to millimeters using a calibration factor of 1.625 columns/mm (the system magnification), and Eq. (9) was applied to determine the corresponding out-of-plane motion w. Both the magnitude and direction of w can be computed from Eq. (9), since absolute values are known for . Although the test surface extended from columns 59 through 203, the eleven-pixel wide window used for the interpolation gave results for u to within five pixels of these boundaries. Thus Fig. 5 shows the results obtained from the shadow speckle technique for columns 64 through 198 (established using digital correlation and labeled X) along with those from the shadow moire pattern (recorded by double exposure and labeled ). The solid line represents the theoretical solution.
The shadow speckle technique was used to contour the test object shown in Fig.6 . A flat surface (used as a reference and located along plane AB in Fig. 6 ) was positioned in the optical setup shown in Fig. 1 with its normal along the angle bisector of the illumination and observation directions (a and : equal to 13.50). The speckle pattern projected on this reference plane was recorded using the system shown in Fig. 4 with a system magnification of 1.36 columns/mm. The flat surface was replaced by the test surface, and the displaced speckle pattern was recorded. theoretical and test results for the deflection plotted as a function of column position. Overall, a close match is obtained between the theoretical and test results. However, the data seem to indicate that the test surface was inaccurately positioned with respect to the reference plane. Moreover, the approach is suspect between columns 112 and 140 (as compared to the rest of the results). This is attributed to the fact that speckles become very distorted in this region (the test surface rapidly recedes) and that the intensity of light scattered from this deformed section is very low. Fortunately, the computer gives an indication that it has trouble in that region. Future work will expand the capabilities of the shadow speckle technique by incorporating fiber-optic components into the recording system. This approach could be used to monitor deflections from a remote site in air-, land-, and sea-based vehicles under in situ conditions or to measure displacements in inaccessible locations, perhaps within the human body.
IV. Conclusion
A computer-based method has been developed to measure both the magnitude and direction of the outof-plane displacement vector associated with surface movement. The method relies on a relatively simple setup, and tests can be conducted in ambient light.
